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Particulate matter (PM10) associated with polycyclic aromatic hydrocarbons (PAHs) in ambient air were
determined at two sites within the Klang Valley, Kuala Lumpur (urban, KL) and Petaling Jaya (industrial, PJ),
and one site outside the Klang Valley, Bangi (semi-urban, BG). This study aimed to determine the concen-
tration anddistribution of PAHs in PM10 and the source of origin throughprincipal component analysis (PCA)
and diagnostic ratio analysis. This study also assessed the health risk from exposure to airborne BaPeq. PM10
samples were collected on glass ﬁber ﬁlter paper using a High Volume Sampler (HVS) for 24 h between
September2010andApril 2011. TheﬁlterpaperswithPM10wereextractedusingdichloromethane-methanol
(3:1), and analysis of 16 USEPA priority PAHs was determined using gas chromatography with mass spectra
(GCeMS). Health risk assessment was estimated using toxic equivalency factors (TEFs) and incremental
lifetime cancer risk (ILCR) which quantitatively estimate the exposure risk for age speciﬁc group. The results
showed that the total PAHs concentrations throughout seasonal monsoons for KL, PJ and BG ranged from
1.33ngm3 to2.97ngm3, 2.24ngm3 to4.84ngm3 and1.64ngm3 to3.45ngm3 respectively.More than
80% of total PAHs consisted of 5-ring and 6-ring PAHs such as benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene
(IcP), benzo[b]ﬂuoranthene (BbF), benzo[k]ﬂuoranthene (BkF) and benzo[g,h,i]perylene (BgP). The presence
of benzo[g,h,i]perylene (BgP) with high concentration at all locations suggested a source indicator for trafﬁc
emission. PCA and diagnostic ratio analysis also suggested substantial contributions from trafﬁc emission
withminimal inﬂuence fromcoal combustion andnatural gas emissions. The useof total BaPeq concentration
provide a better estimation of carcinogenicity activities, where they contributed to more than 50% of the
potential health risk. Health risk assessment showed that the estimated incremental lifetime cancer risk
(ILCR) from exposure to airborne BaPeq is negligible at all sampling sites for all age speciﬁc group.
 2013 Elsevier Ltd. All rights reserved.: þ60 3 26878137.
fsk.ukm.my (M. Sahani).
All rights reserved.
A.A. Jamhari et al. / Atmospheric Environment 86 (2014) 16e27 171. Introduction source identiﬁcation may provide an important tool for the iden-Polycyclic aromatic hydrocarbon (PAHs) compounds are a class
of complex organic chemicals, including carbon and hydrogen with
a fused ring structure containing at least two benzene rings
(Ravindra et al., 2008). PAHs are serious and ubiquitous atmo-
spheric contaminants generated by incomplete combustion and/or
pyro-synthesis of organic material, in part from natural combustion
such as forest ﬁres and volcanic eruptions. PAHs are also generated
from anthropogenic emissions such as industrial production;
transportation; biomass burning; domestic heating emissions from
coal, oil, gas and wood; and from waste incineration (Afroz et al.,
2003; Fang et al., 2010). The highest concentrations of atmo-
spheric PAHs can be found in urban environments due to increasing
vehicular trafﬁc and low dispersion of the atmospheric pollutants
(Caricchia et al., 1999). Emissions from vehicular exhaust contain
most of the PAHs that are classiﬁed as carcinogens (Park et al.,
2011).
The United States Environmental Protection Agency (USEPA)
listed 16 main PAHs, some of which are considered possible or
probable human carcinogens, as priority pollutants. PAHs have
received increased attention in recent years in air pollution studies
because of their carcinogenic or mutagenic characteristics. In
particular, benzo[a]pyrene (BaP) has been identiﬁed as being highly
carcinogenic, and benzo[a]anthracene, chrysene and dibenzo[a,h]
anthracene have been classiﬁed as probable human and animal
carcinogens (IARC, 2013; Lerda, 2010). Although PAHs are known
for their carcinogenicity characteristics, there is still no threshold
for a doseeresponse relationship established for PAHs (Omar et al.,
2006). Furthermore, uncertainty remains in predicting the toxicity
mode of action for PAH compounds, which has created challenges
in estimating PAH exposure risk precisely. The carcinogenic po-
tential of benzo[a]pyrene (BaP) has been frequently studied
through epidemiological ﬁndings and animal testing. However, less
information is available for the other PAHs, and in most risk
assessment studies, the toxicity of other PAH compounds has been
considered as equivalent to BaP (Petry et al., 1996). Hence, toxic
equivalency factors (TEFs) for PAHs were developed to assess more
precisely the carcinogenic properties of PAH components (Nisbet
and LaGoy, 1992).
Monitoring activities for the source identiﬁcation and potential
health risk assessment of PAHs are limited in Malaysia. Research on
the composition of organic matter in air particles research in
Malaysia was initiated by Abas and Simoneit (1996) with a focus on
the solvent-extractable organic matter group, which includes al-
kanes, alkanoic acid and alkanols. The higher concentration of PAHs
in ambient air during haze episodes due to biomass burning was
reported by several studies after that (Abas et al., 2004; Fang et al.,
2010; Omar et al., 2002, 2006). The PAHs in particles during haze
episode were characterized by relatively low levels of benzo[a]
pyrene (BaP) and high levels of benzoﬂuoranthenes (BFs). Several
other studies, such as those by Okuda et al. (2002), Omar et al.
(2006, 2007) and Bahry et al. (2009), indicated the contribution
of motor vehicles emission toward the amount of PAHs, particularly
in urban areas. According Okuda et al. (2002), motor vehicles
contributions ranged from 65% to 75% during non-haze episodes.
Most studies also found that the resuspension of road dust was a
main contributor of PAHs in urban areas.
This study aimed to determine the concentration of PAHs in
particulate matter (PM10) in urban, industrial and sub-urban areas
in Malaysia. PAHs concentration has also been associated with
different seasonal monsoons, their source identiﬁcation, and health
risk assessment. Understanding the PAH concentrations are crucial
for proper health risk assessment and risk management. PAHtiﬁcation of pollution emission sources. PM10 was chosen because it
is one of the major air pollutants listed in the Recommended
Malaysian Air Quality Guideline (RMAQG) and is also one of the ﬁve
parameters included in the calculation of Malaysian Air Quality
Index (MAPI) together with ozone, carbonmonoxide, sulfur dioxide
and nitrogen dioxide.
2. Materials and methods
2.1. Sampling sites
Ambient air samples were collected at three sites, namely urban
(Kuala Lumpur), industrial (Petaling Jaya) and semi-urban (Bangi)
areas (Fig. 1). Kuala Lumpur (KL), the federal capital of Malaysia, is a
center of commercial and industrial activities with high trafﬁc
density. The volume of road trafﬁc in Kuala Lumpur is 29,000 ve-
hicles during the peak hour every day (MOW, 2010). The sampling
station was located at Chow Kit Road, which is connected to the
Raja Muda Abdul Aziz Road, known to be the most congested road
each day, especially during rush hour. The PM10 samples were
collected about 1 m above the ground in front of the Universiti
Kebangsaan Malaysia, Kuala Lumpur campus, which is next to
Chow Kit Road.
The second sampling location was in Petaling Jaya (PJ), which is
about 10 km from the Kuala Lumpur city centre and is predomi-
nantly residential and industrial with high-density road trafﬁc. This
sampling location was near several main highway networks,
including the Federal Highway, which accommodates more than
9650 vehicles per hour during the day. This sampling location was
surrounded by three main roads: Jalan Barat, Jalan Timur and Jalan
Sultan. The PM10 samples were collected by the Malaysian
Department of Environment on top of a building at the Department
of Meteorology, Petaling Jaya. The sampling location is about 12 m
above the ground. Also known as a satellite city, PJ is one of the
industrial and commercial cities in Malaysia. Manufacturing of
automobile parts, foods and beverages, industrial machineries,
pharmaceuticals, chemicals and electronic products are some of the
industrial activities in PJ.
The third sampling stationwas located at Universiti Kebangsaan
Malaysia’s main campus in Bangi (BG), which is about 30 km south
of Kuala Lumpur and 8 km east of Putrajaya, Malaysia’s Government
Administration Centre. The PM10 samples were collected about
10 m away from the roadside in Jalan Bangi and about 20 m from
the junction to the main entrance of Universiti Kebangsaan
Malaysia. BG is located outside the Klang Valley and can be
considered a semi-urban area with increasing population and
several small to medium industries. These activities lead to a large
increase of trafﬁc volume in BG.
2.2. Sampling procedures
The sampling was carried out between September 2010 and
April 2011 based on the monsoon seasons in Malaysia. These sea-
sons are the southwest monsoon (JuneeSeptember), northeast
monsoon (DecembereMarch) and two intermonsoons (AprileMay
and OctobereNovember) (Table 1). The PM10 samples were
collected over a 24 h period for at least four days during each
monsoon season at three sampling locations. Fifty-three PM10
samples were collected throughout this study. The sampler was
placed in an open space with a clear angle of view from the air inlet.
Airborne air particles were collected using a high volume
sampler (HVS) with a selective PM10 inlet ﬁtted with an annealed
glass ﬁber ﬁlter (20.3 cm  25.4 cm, Whatman EPM2000) and
Fig. 1. Location of Klang Valley, Malaysia.
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et al., 2002; Kaur et al., 2013; Barrado et al., 2013). Prior to sampling,
all ﬁberglass ﬁlters were pretreated by baking in an oven for 5 h at
300 C to volatilize any organic contaminants. After sampling, the
ﬁlters were wrapped in aluminum foil to avoid photodegradation.
All freshly exposed ﬁlters were conditioned in a desiccator for 24 hTable 1
Sampling location, surrounding, sampling period, trafﬁc volume and meteorological par
Sampling location Coordinate Site description Trafﬁc volume
(number h1)
Kuala Lumpur (n ¼ 18) N0310’5.2800 Urban 2720e2830
E10142’1.5600
Petaling Jaya (n ¼ 19) N036’5.6300 Industrial 9170e9650
E10138’41.400
Bangi (n ¼ 16) N02550 53.400 Suburban 1480e1680
E10146’39.7200
N/A: not available.to remove moisture. Then, the mass of particulate matter on ﬁlters
was determined by the gravimetricmethod using amicrobalance to
an accuracy 0.0001 g. Exposed ﬁlters were then folded and re-
wrapped in aluminum foil, stored in sealed plastic bags and kept
refrigerated until the day of analysis (<1 month). Meteorology data
was also collected including temperature (C), relative humidityameters considered in this study.
Date Samples
(n)
Temperature
(C)
Relative
humidity (%)
Rainfall
(mm)
26e30 Sept 5 24e34 43e74 49
5e12 Nov 5 24e36 46e99 57.9
9e14 Dec 4 20e35 50e99 142.8
27e30 Apr 4 23e37 51e99 78
27e30 Sept 4 N/A N/A N/A
19e24 Nov 4 N/A N/A N/A
13e17 Dec 5 N/A N/A N/A
21e26 Apr 6 N/A N/A N/A
4e7 Oct 4 25e37 41e98 40.6
22e25 Nov 4 25e38 42e97 32.4
17e27 Dec 4 25e37 43e96 44.4
21e26 Apr 4 24e37 51e99 135
A.A. Jamhari et al. / Atmospheric Environment 86 (2014) 16e27 19(%), wind direction, wind speed (m s1), rainfall (mm) and pressure
(mmHg), because the concentration of air pollutants could be
affected by weather factors.
2.3. Sample extraction and analysis
From each station, only three samples with the highest con-
centration of PM10 in different monsoon were selected for PAHs
analysis (12 samples per stations). The extraction procedure was
modiﬁed from Omar et al. (2002, 2007) and Tahir et al. (2008). Half
of the ﬁlter paper was used for analysis. It was cut into small pieces
of approximately 1 cm  1 cm. The exposed ﬁlter was extracted
using ultrasonic agitation (30 min sonication time) using 50mL of a
dichloromethane (DCM)/methanol mixture (3:1 v/v) as solvent.
Before extraction, 50 mL (10 ppm) of perylene d-12 and phenan-
threne d-10 (SUPELCO) aromatic internal standards were spiked
into the ﬁlter paper for recovery assessment. The extraction pro-
cedure was repeated twice and the extracts were combined. The
combined extract was ﬁltered using a ﬁltration unit containing an
annealed glass ﬁber ﬁlter for the removal of any remaining insol-
uble particles. Then, the extract was concentrated using a rotary
evaporator to ca. 5 mL, followed by the addition of 20 mL of a DCM/
hexane mixture (1:1 v/v). The reconstituted extract was evaporated
to ca. 1 mL and then kept refrigerated until gas chromatographye
mass spectrometry (GCeMS) analysis. The extract was derivatized
with N,O-bis(trimethylsilyl) triﬂuoroacetamideetrimethyl-
chlorosilane (BSTFAeTMCS) to silylate any remaining methanol.
Identiﬁcation and quantiﬁcation of the PAHs were carried out
using a Shimadzu QP2010 Gas Chromatography Mass Spectrometry
(GCeMS) ﬁtted with a fused silica (DB-5MS) capillary column
(30 m  0.25 mm i.d. 0.25 mm ﬁlm thickness). Heliumwith a purity
of 99.99% was used as a carrier gas at constant ﬂow of 1.2 mLmin1.
The instrument was operated at full-scan in electron impact (EI)
mode (70 eV). The sample was injected in a splitless mode at
290 C. The GC column temperature was programmed as follows:
isothermal at 50 C for 1 min, followed by temperature increases
from 50 to 140 C at 5 C min1 and from 140 to 300 C at
4 C min1 and then isothermal at 300 C for 15 min. the veriﬁ-
cation of peaks was carried out based on key fragment ions,
retention times compared to those external standards (0.1e1 ppm
concentration) and/or GCeMS library mass spectra.
2.4. Quality control
Quality control was conducted to minimize and quantify sam-
pling and measurement errors by carrying out ﬁeld blanks, proce-
dure blanks, surrogate recoveries and standard spike recovery. For
every sample, procedural blanks were run to ensure that therewere
no signiﬁcant background interferences. None of the target PAHs
was detected in procedural blank samples. The recovery of the
procedure for internal standards ranged from 60.9 to 115.9%.
Appropriate corrections were made to the measured concentra-
tions. No plastic warewas used for this organic analysis to avoid any
cross-contamination from other sources. All glassware used during
this procedure was cleaned, rinsed with solvent (hexane) and
rinsed with distilled water and acetone prior to being baked in an
oven (5 h at 200 C) to volatilize and remove any organic
contaminants.
2.5. Multivariate factor analysis
In order to quantify the potential sources of PAHs in atmo-
spheric particles, principal component analysis (PCA) was used to
identify the number of factors and the species proﬁle of each
source. The main function of this analysis was the reduction of thenumber of variables and maintaining the original information.
Thus, variables with similar characteristics were grouped into
factors (Lee and Dong, 2009). Prior to running the PCA, the missing
data was replaced with half of the mean value of the respective
PAH and the component matrix of PAHs was converted into
dimensionless normalized form (Thurston and Spengler, 1985;
Harrison et al., 1996; Khan et al., 2010). PCA was performed us-
ing the XLSTAT 2012 software and the factors were identiﬁed using
the Varimax rotation method. The sensitivity and optimization
procedures were also taken into consideration, and the number of
principal component (PC) factors were selected based on eigen-
value, variability in the number of factors and the sensitivity of
each variable to factor loadings. Thus, the PC loadings were sub-
jectively selected for interpretation in terms of PAHs sources. In
order to ensure the suitability of the PAH samples for PCA analysis,
the KaisereMeyereOlkin (KMO) test was performed. A large value
(close to 1) generally reﬂects the suitability of the data set to be
used in PCA analysis. However, lower KMO value indicates the less
suitability of the data set in this analysis. In KaisereMeyereOlkin
(KMO) test, the results showed that the KMO values were esti-
mated as 0.74, 0.70 and 0.41 for the BG, KL and PJ stations,
respectively. However, Lawrence et al. (2013) suggested that the
KMO value of greater than 0.6 is required for the suitability of data
set in PCA procedure, thus the PCA results for PJ station has been
excluded.
Quantiﬁcation of PAHs sources was made applying an advanced
absolute principal component score coupled with multiple linear
regression (APCSeMLR) as compared to basic PCAeMLR procedure
(Thurston and Spengler, 1985; Khan et al., 2010). The major differ-
ence between APCSeMLR and PCAeMLR is in the ability to perform
zero correction in the APCSeMLR compared to PCAeMLR. In APCSe
MLR, we have used principal component analysis (PCA) which was
followed by covariance matrix as well as varimax rotation. The
factor scores resulted from PCA analysis were observed and found
that the average of the scores in each factor goes through origin or
centre. At this stage, it is essential to calculate the true zero for each
factor score and there was an adjustment made for factor scores of
each principal component using a “zero or artiﬁcial sample” in
which it was presumed that the concentrations of all variables are
zeros as explained by Thurston and Spengler (1985), Thurston et al.
(2011) and Ito et al. (2004). APCS for each component was then
estimated by subtracting the observed factor scores of true samples
from the artiﬁcial zero sample which eventually reduced the
negative indices in each component score. After regressing the
APCS over total mass of PAHs gives the positive regression co-
efﬁcients which used to convert APCS into mass of each contrib-
uting sources. However, there is no zero correction can be made in
PCAeMLR and by using factor scores into MLR generated from PCA
promptly produces negative coefﬁcient which is hard to be
explained inmost cases and also interpreting themass contribution
of individual source.
2.6. Health risk assessment
Health risk estimation can be calculated using PAH exposure
through one of the following exposure pathways: ingestion, inha-
lation, or dermal exposure (USEPA, 1989). In this study, inhalation
of air particles contaminated with PAHs was considered for health
risk assessment. As there is no guidance value available of BaP from
inhalation risk, the calculation for the hazard quotient is not
possible. The incremental lifetime cancer risk (ILCR) in humans can
be determined by calculating the lifetime average daily dose
(LADD) of PAHs according to USEPA guidelines (USEPA, 1989, 2013).
The equations used for estimating LADD and ICLR were as follows
(Eqs. (1) and (2)).
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ILCR ¼ LADD CSF (2)
where C is the PAH concentration in air particles (ng m3), IR is the
air inhalation rate, EF is the exposure frequency (day year1), ED is
the lifetime exposure duration (years), BW is the body weight (kg),
ALT is the averaging lifetime for carcinogens (days), and CSF is the
cancer slope factor (per mg kg1 day). EF of 350 days per year is
used to calculate the lifetime exposure of human receptors with the
assumption that the receptors in each exposure scenario are
exposed to all of the scenario-speciﬁc exposure pathways 350 days
per year (USEPA, 1989, 1991a, 1991b). This assumption is based on
the protective estimate that all receptors spend a maximum of two
weeks away from the exposure scenario location (USEPA, 2005). A
CSF value for BaP from inhalation of 3.14 (mg kg1 day1)1 is used
(Chen and Liao, 2006). We treated ED, CSF, EF and BW in Eqs. (1)
and (2) probabilistically. In this study, the ILCR for total BaPeq
values was determined for speciﬁc age groups (infant, toddler,
children, adolescent and adults). The total BaPeq values at the three
sampling sites (KL, PJ and BG) were used to calculate daily exposure
level through inhalation (LADD).
3. Results and discussion
3.1. PM10 and PAHs concentration
The average concentration of PM10, individual PAH concentra-
tion and total PAH concentrations for each monsoon in KL, PJ and
BG are shown in Table 2. The highest PM10 concentration was
measured on 30th September 2010 (83.5 mg m3) in KL and the
lowest was in BG on 21 April 2011 (11.8 mg m3). For aerosol sam-
ples, all PM10 concentrations for 24 h average time are below the
recommended Malaysian guideline for a PM10 concentration of
150 mg m3 (DOE, 2011).
The mean concentration of individual PAHs ranged from
0.01 0.01 to 0.94  0.26 ng m3, 0.01 0.01 to 1.73  1.70 ng m3
and 0.010.01 to 1.210.56 ngm3 for KL, PJ and BG, respectively.
Among the 16 PAHs analyzed (Fig. 2), the more volatile compounds
(NAPH, ACY, ACP and FLR) were not detected at each of the sam-
pling locations because these lower ring-number molecules are
present in the gas phase, especially at the high ambient tempera-
tures (20e38 C with a relative humidity of 41e99%) seen
throughout the sampling period. This has also been observed by
previous studies, such as Oanh et al. (2000), Omar et al. (2002) and
Salam et al. (2011).
Fig. 3 shows the concentration of total PAHs as described by
their seasonal variations at each sampling station throughout the
sampling period. A high concentration of total PAHs was observed
in the PJ station during the southwest monsoon, which is dry
season, and two intermonsoons which correspond to a combustion
process and trafﬁc source. Because the location of the sampling
point in PJ was on the rooftop of a three-story building, the con-
centration of total PAHs was inﬂuenced more by meteorological
factors such as wind and rainfall. The difference of total PAH con-
centrations during different seasons may be due to seasonal vari-
ation in Malaysia. The dry season could enhance the input of PAHs
caused by resuspension, either mechanically or by wind, of
particulate-adsorbed PAHs. Local or regional biomass burning ep-
isodes during the dry season can also cause an increase in the
concentration of PAHs in the atmosphere (Omar et al., 2006).
Meanwhile, the wet season with frequent local rainy events, could
effectively deposit particles and remove PAHs from the atmosphere
through a washout process (Omar et al., 2006; Polkowska et al.,
Fig. 2. Molecular distribution of PAHs in KL, PJ and BG ambient atmospheric particles in unit ng m3.
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monsoon, which is a wet season, can be explained with this
mechanism (Bahry et al., 2009; Panther et al., 1999).
The concentration values of S16 PAHs in the PJ station were
42.9% and 28.9% higher than values for the samples collected in KL
and BG, respectively, with exception of the samples taken during
the northeast monsoon. This is due to the role of PJ as an industrial,
commercial and residential areas, which results in higher trafﬁc
density. The total PAH concentration recorded in the KL
(2.03  0.69 ng m3) and PJ stations (3.56  1.07 ng m3) were
much lower than those reported earlier by several researchers who
conducted PAHs measurement in urban areas: such as Omar et al.Fig. 3. The concentration of total PAHs in unit ng m3(2002, 2006) in Petaling Jaya (6.28 ng m3 and 5.85 ng m3),
Fang et al. (2002) in Taiwan (43.0 ng m3), Li et al. (2006) in
Guangzhou, China (23.7 ngm3), Rehwagen et al. (2005) in La Plata,
Argentina (4.742 ng m3), Brits et al. (2004) in Flanders, Belgium
(5.5 ng m3), Ciganek et al. (2004) in Czech Republic (46.2 ng m3)
and Mantis et al. (2005) in Maroussi, Greece (2.34 ng m3). The
range of total PAH in this study areas were found to be almost
similar to thosemeasured by Salam et al. (2011) in urban residential
areas in Japan (2.07 ng m3) and by Rehwagen et al. (2005) in
Leipzig, Germany (2.08 ng m3).
Generally, themost abundant PAHs foundwere BbF, BkF, BaP, IcP
and BgP at all sampling locations; this is especially true for BgPfor every sampling location in seasonal variation.
Fig. 4. Ring number distribution of PAHs in KL (a), PJ (b) and BG (c).
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locations. Relatively high concentrations of BgP, IcP, BaP and BbF in
particulate matter are reported to be markers of vehicular emis-
sions (Chang et al., 2006; Fang et al., 2010; Harrison et al., 1996;
Oanh et al., 2000). Harrison et al. (1996) noted that BgP is indica-
tive for gasoline vehicle while Ho et al. (2002) reported that PHE,
FLT and PYR are indicative of diesel vehicles. Harrison et al. (1996)
also elaborated that BbF, ACP, BgP, FLT, FLR, PHE and CHR are in-
dicators of diesel vehicles. Klang Valley, heavily saturated with in-
dustry, residential and commercial centres, is related to the number
of vehicles operated for daily activities as statistics on the trafﬁc
composition of the Klang Valley issued by the Road Transport
Department showed that as of 2010, about 94.94% are gasoline
vehicles (car and motorcycle) and only 5.06% are diesel vehicles
(trucks and buses). This data could show that the higher concen-
tration of BgP and IcP are related to the number of gasoline vehicles,
compared to lower concentration of ACP, FLT, FLR, PHE, PYR and
CHR. On the other hand, PAHs contributed by diesel vehicles mostly
remain in the gas phase under tropical temperatures (Oanh et al.,
2000). The observation that BgP and IcP are the most abundant
PAHs in atmospheric particles has also been reported by Omar et al.
(2002, 2007), Oanh et al. (2000), Ciganek et al. (2004), Brits et al.
(2004), Mantis et al. (2005) and Rehwagen et al. (2005).
3.2. PAHs ring number distribution
Fig.4 shows the distribution of PAHs for each sampling location.
PAHs can be classiﬁed by the number of aromatic rings into PAHs of
two rings (NAPH), three rings (ACY, ACP, FLR, PHE, ANT), four rings
(FLT, PYR, BaA, CHR), ﬁve rings (BbF, BkF, BaP, DhA) and six rings
(IcP, BgP). All sampling stations recorded up to 80% of 5-rings PAHs
and 6-rings PAHs, which have high molecular weights. Middle
molecular weight (4-rings) PAHs, on the other hand, accounted for
only 10e14% of the total PAHs. Lowmolecular weight PAHs (2-rings
and 3-rings) accounted for just 3% for KL and 5% for PJ and BG. Low
molecular weight and middle molecular weight PAHs are more
volatile compared to high molecular weight PAHs and are therefore
partitioned between particulate matter and the gas phase, espe-
cially in tropical regions (Omar et al., 2006). The high percentage of
high molecular weight PAHs indicates the sources are high-
temperature processes, such as the combustion of fuels in en-
gines (Mostert et al., 2010; Tobiszewski and Namiesnik, 2012).
Fig.5 shows the correlation between total PAHs and BgP. A good
correlation observed at all sampling locations provide further
support for the contention that vehicular emissions are the main
source of particulate PAHs in these three stations’ atmospheric
particles (Chang et al., 2006; Fang et al., 2010). Furthermore, con-
centrations of BgP, BaP, BbF, BkF, DhA and IcP represent the highest
proportions of the total concentrations. These compounds have
been suggested as a marker of vehicular emissions by several re-
searchers (Harrison et al., 1996; Oanh et al., 2000). The presence of
coronene (COR) in the ambient atmosphere at all sampling loca-
tions was also a key indicator for vehicle emission source, even
though COR is not listed as one of the 16 USEPA’s priority PAHs
(Caricchia et al., 1999; Omar et al., 2006).
3.3. PAH source diagnostic ratios
PAH ratios have been used to determine PAH sources, clarify
samples by location and estimate the importance of combustion-
and petroleum-derived PAHs (Yunker et al., 2002). The usual index
of combustion and/or anthropogenic input is an increase in the
proportion of the less stable and/or kinetically produced parent
PAH isomers relative to thermodynamically stable isomers (e.g.
ﬂuoranthene relative to pyrene) or to molecular mass totals(Yunker et al., 2002). Table 3 lists typical diagnostic ratios taken
from previous literature, while Table 4 shows the PAH diagnostic
ratio values calculated for the particulate matter studied. From the
ratios calculated, the PAH compounds at all sampling sites in the
different monsoon seasons were contributed by mixed sources of
pyrogenic combustion (petroleum fuel incomplete combustion and
vehicular exhaust emission) and petrogenic sources (unburned
crude oil and petroleum products such as gasoline, kerosene, diesel,
lubricating oil and asphalt). The ratios of FLT/(FLT þ PYR) and IcP/
(IcP þ BgP) indicated mixed sources of pyrogenic and petrogenic
sources, but pyrogenic sources were a major contributor to PAH
compounds in the particulate matter sampled. In addition, ANT/
(ANTþ PHE),PLMW/PHMWandPCOMB/PPAHs showed strong
pyrogenic source contributions. The BaP and BgP ratios showed less
than 0.6, which is an indicator of trafﬁc emissions, while the BaA/
(BaA þ CHR) ratios indicate combustion sources when the ratio is
more than 0.35. From the ratios obtained, it can be concluded that
Fig. 5. Correlation between Total PAHs and BgP in KL (a), PJ (b) and BG (c) in ambient
atmospheric particles (24 h, n ¼ 12).
Table 3
Diagnostic ratios used with their typical values for particular processes.
PAH ratio Value Source Reference
P
LMW/
P
HMW <1 Pyrogenic Zhang et al., 2008
>1 Petrogenic
P
COMB/
P
PAHs 0.3 Petrogenic Pandey et al., 1999
0.7 Pyrogenic
ANT/(ANT þ PHE) <0.1 Petrogenic Pies et al., 2008
>0.1 Pyrogenic
FLT/(FLT þ PYR) <0.4 Petrogenic Yunker et al., 2002
0.4e0.5 Fossil fuel
combustion
>0.5 Grass, wood,
coal combustion
BaA/(BaA þ CHR) <0.2 Petrogenic Yunker et al., 2002
>0.35 Combustion
IcP/(IcP þ BgP) <0.2 Petrogenic Yunker et al., 2002
0.2e0.5 Petroleum combustion
>0.5 Grass, wood,
coal combustion
BaP/BgP <0.6 Trafﬁc Pandey et al., 1999
>0.6 Non-trafﬁc Zhang et al., 2005
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with some minor contribution from petrogenic sources.
3.4. Principal component analysis
Principal component analysis (PCA) factor scores obtained for
each individual site are presented in Table 5. Two factors explained
86.03% of the data variance at KL. Factor 1 (65.19% of the total
variance) was loaded with PHE, FLT, PYR, BaA and CHR, which is
characteristic of natural gas and coal combustion (Khalili et al.,
1995; Motelay-Massei et al., 2007; Park et al., 2011; Sarkar and
Khillare, 2012; Simcik et al., 1999). Factor 2 (20.84% of the total
variance) was highly loadedwith BaP, IcP, DhA and BgP. The existing
literature identiﬁes BaP, IcP, DhA and BgP as source markers for
vehicles and gasoline emissions (Fang et al., 2004; Guo et al., 2003;Park et al., 2011). Meanwhile BaP was indicative of a stationary
emission point that uses heavy oils as fuel (Yang et al., 2002).
However, sources of PAHs in KL were predominated from vehicles
emission, especially gasoline engines. The contributions of PAHs
sources were made using an advanced APCSeMLR procedure
(R2 ¼ 0.98; p < 0.05). The identiﬁed factors were vehicle and gas-
oline emission and natural gas and coal combustion. These two
factors contributed 55% and 39%, respectively leaving 6% of the
PAHs concentration as undeﬁned (Fig 6(a)).
For the BG station, two possible factors (93.12% of the total
variance) were obtained, and factor loadings higher than 0.75 were
highlighted. Factor 1 (85.52% of the total variance) was predomi-
nately weighted in PHE, FLT, PYR, BaA, CHR, and BkF. BkF indicates
an emission pattern from coal combustion and natural gas emis-
sions although there was a tracer for vehicles engine emissions
(BkF). However, factor 1 indicated more tracers for coal combustion
and natural gas emissions (Motelay-Massei et al., 2007; Park et al.,
2011). Meanwhile, factor 2 was presented by high loadings of BaP,
DhA and BgP with 7.60% of the total variance indicating vehicles
engine emissions (Guo et al., 2003; Park et al., 2011). APCSeMLR
methods showed that vehicles engine emissions contributed 63%,
coal combustion and natural gas emissions contributed 31% and the
other undeﬁned concentration contributed 6% to PAHs concentra-
tion (R2 ¼ 0.97; p < 0.05) (Fig 6(b)).3.5. Environmental health risk assessment
A complete list of TEFs for PAHmixtures proposed by Nisbet and
LaGoy (1992) seems to reﬂect the actual state of knowledge about
the relative potency of individual PAHs. On this list, BaP has been
given a TEF of 1.0 (Nisbet and LaGoy, 1992). TEFs compare the
relative toxicity of individual PAHs to BaP. The determined con-
centrations of individual PAHs are then converted to the BaP
equivalent (BaPeq) concentrations based on TEFs. Table 6 shows the
BaPeq values obtained in this study. The PJ site exhibited the highest
total BaPeq with 640.01 pgm3 compared to other sites studied, but
the values detected at all studied sites are still lower that the
studies performed by Omar et al. (2006) and Petry et al. (1995).
Based on the BaPeq calculation, BaP alone contributed to more than
50% of the carcinogenicity of the PAHs in the samples on average.
This conﬁrms the importance of BaP as a surrogate compound in
assessing PAHs risks.
Human health risk assessment was based on the assumption
that adults and children may be exposed to PAHs from the ambient
Table 4
The average diagnostic ratio of PAHs in sampling locations at different monsoons.
Monsoon season Sampling
site
P
LMW/
P
HMW
P
COMB/
P
PAHs
ANT/(ANT þ PHE) FLT/(FLT þ PYR) BaA/(BaA þ CHR) IcP/(IcP þ BgP) BaP/BgP
South-west monsoon (JuneeSept) KL 0.02 0.98 e 0.33 0.50 0.37 0.21
PJ 0.08 0.92 0.28 0.16 0.31 0.26 0.37
BG 0.08 0.94 0.25 0.44 0.40 0.38 0.16
Inter monsoon (OcteNov) KL 0.09 0.94 0.38 0.46 0.36 0.18 0.25
PJ 0.15 0.90 0.43 0.05 0.50 0.22 0.29
BG 0.14 0.93 0.44 0.38 0.43 0.39 0.21
North-east monsoon (DeceMar) KL 0.06 0.93 0.43 0.47 0.37 0.41 0.28
PJ 0.06 0.93 0.29 0.17 0.40 0.20 0.29
BG 0.20 0.88 0.78 0.42 0.40 0.39 0.27
Inter monsoon (ApreMay) KL 0.07 0.92 0.13 0.43 0.36 0.23 0.27
PJ 0.07 0.93 0.21 0.35 0.41 0.18 0.37
BG 0.08 0.93 0.54 0.41 0.35 0.15 0.26
e: no data for anthracene compound.
P
LMW: sum of 2 and 3 rings.
P
HMW: sum of 4 and 5 rings.
P
COMB: sum of FLT, PYR, BaA, CHR, BkF, BbF, BaP, IcP and BgP.
P
PAHs: sum of non-alkylated PAHs.
A.A. Jamhari et al. / Atmospheric Environment 86 (2014) 16e2724air. In this study, we focused on developing a probabilistic risk
assessment framework to quantify human exposure risks to
airborne PAHs at the sampling sites. For this purpose, the exposure
assessment of humans to PAHs through inhalation of dust particles
(PM10) was considered for the estimation of health risk. The health
risk estimation was carried out for BaPeq because BaPeq represents
the overall health risks of PAHs. The health risk was assessed by
estimating the LADD for BaPeq and the corresponding ILCR. The
LADD is the amount of intake per kg of body weight per day of a
chemical (eg. BaPeq) suspected of having adverse health effects
when absorbed into the body over a long period. The average body
weight of Malaysians by age-speciﬁc groups is based on the Na-
tional Health and Morbidity Survey III 2006 (NHMS III, 2008).
In this study, we also determined that residents in age-speciﬁc
group are exposed for 350 days a year during their life span. The
estimated LADD values of total BaPeq and their ILCR values for age-
speciﬁc group are listed in Table 7. The highest estimated ILCR
value is 3.41  107 for adult resident (18e70 years) in PJ. The
health risk estimation shows that the lifetime cancer risk fromTable 5
The factor loadings after PCA varimax-rotation at the study areas.
PAHs Kuala Lumpur Bangi
Factor 1 Factor 2 Factor 1 Factor 2
NAP e e e e
ACY e e e e
ACP e e e e
FLR e e e e
PHE 0.774 0.131 0.827 0.131
ANT e e e e
FLT 0.884 0.253 0.811 0.559
PYR 0.938 0.162 0.805 0.562
BaA 0.762 0.506 0.848 0.515
CHR 0.856 0.337 0.797 0.518
BbF 0.541 0.643 0.662 0.705
BkF 0.640 0.509 0.735 0.598
BaP 0.488 0.796 0.559 0.802
IcP 0.272 0.875 e -
DhA 0.299 0.811 0.224 0.797
BgP 0.235 0.901 0.362 0.898
Eigenvalue 6.631 2.12 8.21 0.73
% Variance 65.19 20.84 85.52 7.60
% Cumulative 65.19 86.03 85.52 93.12
Possible sources Natural gas
and coal
combustion
Vehicle and
gasoline
emissions
Natural gas
and coal
combustion
Vehicle engine
emissions
*Numbers in bold are strong factor loading >0.75.exposure to BaP is negligible at all sampling sites for all age-speciﬁc
groups. These ILCR values indicate that the daily inhalation dose of
PAHs and cancer risk to human adults and children residing in the
sampling areas are lower than the acceptable levels of 106 to 104
as proposed by the USEPA (2005).4. Conclusions
The concentration of PAHs in PM10 determined at all sampling
stations was dominated by higher molecular PAHs. The 5-ring and
6-ring PAHs, which are highmolecular weight PAHs, recorded up to
80% of SPAHs detected at all sampling stations. High volatilization
rate is expected to contribute to the less amount of lower molecular
weight PAHs in the study areas. Abundance of PAH species such as
BbF, BkF, BaP, IcP and BgP showed the PAHs originate from trafﬁcFig. 6. The percentage of predicted PAHs sources with the application of APCS-MLR in
KL (a) and BG (b).
Table 6
The value of TEFs and BaPeq concentrations in unit pg m3.
TEFsa Kuala Lumpur Petaling Jaya Bangi
Ambient
(ng m3)
BaPeq BaPeq Ambient
(ng m3)
BaPeq BaPeq Ambient
(ng m3)
BaPeq BaPeq
(pg m3) (%) (pg m3) (%) (pg m3) (%)
NAP 0.001 n.d n.d 0 n.d n.d 0 n.d n.d 0
ACY 0.001 n.d n.d 0 n.d n.d 0 n.d n.d 0
ACP 0.001 0.005 0.005 0.001 n.d n.d 0 n.d n.d 0
FLR 0.001 n.d n.d 0 n.d n.d 0 n.d n.d 0
PHE 0.001 0.045 0.045 0.010 0.121 0.121 0.020 0.048 0.048 0.012
ANT 0.01 0.020 0.195 0.060 0.063 0.630 0.100 0.080 0.802 0.206
FLT 0.001 0.058 0.058 0.020 0.037 0.037 0.010 0.081 0.081 0.021
PYR 0.001 0.075 0.075 0.020 0.175 0.175 0.030 0.114 0.114 0.029
BaA 0.1 0.055 5.475 1.640 0.113 11.300 1.780 0.043 4.300 1.106
CHY 0.01 0.095 0.948 0.280 0.187 1.870 0.290 0.073 0.730 0.187
BbF 0.1 0.256 25.625 7.660 0.576 57.600 9.080 0.247 24.650 6.340
BkF 0.1 0.165 16.525 4.940 0.337 33.700 5.300 0.175 17.475 4.495
BaP 1 0.179 179.250 53.590 0.374 374.300 58.970 0.218 217.750 56.007
IcP 0.1 0.328 32.825 9.810 0.312 31.200 4.910 0.453 45.275 11.645
DhA 1 0.067 66.500 19.880 0.112 112.300 17.690 0.068 68.250 17.555
BgP 0.01 0.690 6.895 2.060 1.155 11.600 1.820 0.931 9.313 2.395
Total 2.038 334.38 3.562 640.01 2.531 388.51
*n.d e not detected.
a Adapted from Nisbet and LaGoy (1992).
A.A. Jamhari et al. / Atmospheric Environment 86 (2014) 16e27 25emission. Principal component analysis and diagnostic ratio also
showed that the main sources of PAHs pollution at all sampling
locations aremotor vehicle exhaust, either gasoline or diesel engine
emissions with some minor contribution from combustion process
and petrogenic sources.
Generally, the concentrations of PAHs in the Klang Valley in
Malaysia are much lower than concentrations found in previous
studies conducted in other Asian and European countries. Biomass
burning during the summer season (JuneSeptember) increases the
concentration of PM10 but not the concentration of PAHs. TheTable 7
Health risk assessment for total BaPeq by age speciﬁc group and sampling area.
Exposure parameter Unit Infant Toddler
Exposure variables 0e<1 year 1e<6 years
IR m3 day1 5.4 9
ED Years 1 5
EFa Days year1 350 350
Body weightb kg 7 15
Average life span Years 70 70
Sampling areas Mean of
SBaPeq (pg/m3)
S.E.M. 95% UCL Infant
0e<1 year
Tod
1e
LADD (mg kg1 day1)
KL 334.38
0.047
334.47 3.53E-09 1.3
PJ 640.01
0.193
640.38 6.77E-09 2.6
BG 388.51
0.063
388.63 4.11E-09 1.6
ILCRc
KL 1.11E-08 4.3
PJ 2.13E-08 8.2
BG 1.29E-08 5.0
Total risk 30 years Exposu
KL 1.64E-07
PJ 3.14E-07
BG 1.91E-07
a Assumption: Exposure frequency is based on 350 days in a year.
b Adapted from NHMIS III 2006 (NHMS III, 2008).
c Acceptable risk between 106 to 104 (USEPA, 2005).health risk assessment for PAH mixture concentrations can be
explained by TEFs and individual BaP concentrations because they
represent a high proportion of the total carcinogenicity. The use of
total BaPeq concentration can provide a better estimation of carci-
nogenicity activities, where they contributed to more than 50% of
the potential health risk. However, the estimated incremental life-
time cancer risk (ILCR) from exposure to airborne BaPeq is negli-
gible. This suggests a low carcinogenic risk to human adults and
children residing in the sampling areas. Further comprehensive
analysis using ﬁner fraction of atmospheric aerosols, such as PM2.5Children Adolescent Adult Adult
6e<12 years 12e<18 years 18e<30 years 18e<70 years
12 15.7 15.7 15.7
6 6 12 52
350 350 350 350
31.2 38 66 66
70 70 70 70
dler
<6 years
Children
6e<12 years
Adolescent
12e<18 years
Adult
18e<30 years
Adult
18e<70 years
7E-08 1.06E-08 1.14E-08 1.31E-08 5.67E-08
3E-08 2.02E-08 2.17E-08 2.50E-08 1.09E-07
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A.A. Jamhari et al. / Atmospheric Environment 86 (2014) 16e2726are signiﬁcant in developing countries such as Malaysia, which
have a signiﬁcantly increasing number of motor vehicles. The use of
chemical mass balance (CMB), positive matrix factorization (PMF)
and dispersion modeling with high number samples can enhance
the quality of information of PAH sources and distribution.Acknowledgments
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